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(57) ABSTRACT

The present disclosure relates to a low friction bearing liner
for a solenoid that may include a core layer, a first outer layer
overlying a first surface of the core layer, a second outer
layer overlying the first outer layer, a first mner layer
overlying a second surface of the core layer that 1s opposite
of the first surface of the core layer, and a second inner layer
overlying the first inner layer. The first outer layer and the
first 1ner layer may include a tfluoropolymer material and
may have a melt flow rate of at least about 2 g/10 min at 372°
C. The second outer layer and the second inner layer may
include a fluoropolymer material distinct from the tfluoropo-
lymer material of the first outer layer and may have a surface
coellicient of friction of not greater than about 0.2.
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SOLENOID LOW FRICTION BEARING
LINER

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims priority under 35 U.S.C. § 119(¢e)
to U.S. Provisional Patent Application No. 62/7835,488,
entitled “SOLENOID LOW FRICTION BEARING
LINER,” by Brian MCNAMARA et al., filed Dec. 27, 2018,
which 1s assigned to the current assignee hereol and 1s
incorporated herein by reference 1n 1ts entirety.

FIELD OF THE DISCLOSURE

The present disclosure relates to a low friction bearing
liner and, in particular, a low friction bearing liner for a use
in a solenoid. The present disclosure further relates to a
solenoid that includes the low friction bearing liner.

BACKGROUND

Electromagnetic solenoids generally include a barrel and
a moving armature or piston within the barrel. Since the
moving armature or piston contact the mner surface of the
barrel during use, friction between the two parts can cause
extreme metal fatigue and wear, which can reduce life
expectancy of the solenoid. Accordingly, additional compo-
nents within the solenoid, 1.e., liners, which can reduce
friction between the moving armature or piston and the inner
surface of the barrel during use are desired.

SUMMARY

According to a first aspect, a low Iriction bearing liner for
a solenoid may include a core layer, a first outer layer
overlying a first surface of the core layer, a second outer
layer overlying the first outer layer, a first mner layer
overlying a second surface of the core layer that 1s opposite
of the first surface of the core layer, and a second 1nner layer
overlying the first inner layer. The first outer layer may
include a fluoropolymer material and may have a melt tlow
rate of at least about 2 g/10 min at 372° C. The second outer
layer may include a fluoropolymer material distinct from the
fluoropolymer material of the first outer layer and may have
a surface coethlicient of friction of not greater than about 0.2.
The first mner layer may include a fluoropolymer material
and may have a melt flow rate of at least about 2 g/10 min
at 372° C. The second mner layer may include a fluoropo-
lymer material distinct from the fluoropolymer material of
the first outer layer and may have a surface coetlicient of
friction of not greater than about 0.2.

According to a first aspect, a low friction bearing liner for
a solenoid may include a core layer, a first outer layer
overlying a first surface of the core layer, a second outer
layer overlying the first outer layer, a first inner layer
overlying a second surface of the core layer that 1s opposite
of the first surface of the core layer, and a second 1nner layer
overlying the first mner layer. The first outer layer may
include at least one of a fluorinated ethylene propylene
material, a pertluoroalkoxy alkane maternial, a modified
PTFE material, or a combination thereof. The second outer
layer may include a polytetrafluoroethylene material or a
mixture of a polytetratluoroethylene material and a fluori-
nated ethylene propylene material, a pertluoroalkoxy alkane
material, a modified PTFE material. The first inner layer
may 1include a fluorinated ethylene propylene material, a
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perfluoroalkoxy alkane material, a modified PTFE matenal,
or a combination thereof. The second inner layer may
include a polytetrafluoroethylene material or a mixture of a
polytetrafluoroethylene material and a fluormated ethylene
propylene material, a perfluoroalkoxy alkane material, a
modified PTFE matenal.

According to yet another aspect, a solenoid may include
a barrel, an armature within the barrel, and a low friction
bearing liner disposed between an inner surface of the barrel
and an outer surface of the armature. The low {friction
bearing liner for a solenoid may 1nclude a core layer, a first
outer layer overlying a first surface of the core layer, a
second outer layer overlying the first outer layer, a first inner
layer overlying a second surface of the core layer that is
opposite of the first surface of the core layer, and a second
iner layer overlying the first mner layer. The first outer
layer may include a fluoropolymer material and may have a
melt flow rate of at least about 2 g/10 min at 372° C. The
second outer layer may include a fluoropolymer material
distinct from the fluoropolymer material of the first outer
layer and may have a surface coeflicient of friction of not
greater than about 0.2. The first inner layer may include a
fluoropolymer material and may have a melt flow rate of at
least about 2 g/10 min at 372° C. The second inner layer may
include a fluoropolymer material distinct from the fluoropo-
lymer material of the first outer layer and may have a surface
coellicient of friction of not greater than about 0.2.

According to yet another aspect, a solenoid may include
a barrel, an armature within the barrel, and a low friction
bearing liner disposed between an iner surface of the barrel
and an outer surface of the armature. The low Iriction
bearing liner for a solenoid may i1nclude a core layer, a first
outer layer overlying a first surface of the core layer, a
second outer layer overlying the first outer layer, a first inner
layer overlying a second surface of the core layer that is
opposite of the first surface of the core layer, and a second
iner layer overlying the first mner layer. The first outer
layer may include at least one of a fluormnated ethylene
propylene material, a perfluoroalkoxy alkane material, a
modified PTFE material, or a combination thereoif. The
second outer layer may include a polytetrafluoroethylene
material or a mixture ol a polytetratluoroethylene material
and a fluorinated ethylene propylene matenal, a pertluoro-
alkoxy alkane maternial, a modified PTFE material. The first
inner layer may include a fluornnated ethylene propylene
material, a pertluoroalkoxy alkane material, a modified
PTFE material, or a combination thereof. The second inner
layer may include a polytetratluoroethylene material or a
mixture of a polytetratluoroethylene material and a fluori-
nated ethylene propylene material, a pertluoroalkoxy alkane
material, a modified PTFE material.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments are illustrated by way of example and are
not limited to the accompanying figures.

FIG. 1 includes an illustration of a low friction bearing
liner configuration according to embodiments described
herein,

FIG. 2 includes an illustration of a solenoid that includes
a low 1Iniction bearing liner according to embodiments
described herein, and

FIG. 3 includes a plot of the wear rotations vs. the
coellicient of friction for sample low friction bearing liners.
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Skilled artisans appreciate that elements 1n the figures are
illustrated for simplicity and clarity and have not necessarily
been drawn to scale.

DETAILED DESCRIPTION

The following discussion will focus on specific 1mple-
mentations and embodiments of the teachings. The detailed
description 1s provided to assist in describing certain
embodiments and should not be interpreted as a limitation
on the scope or applicability of the disclosure or teachings.
It will be appreciated that other embodiments can be used
based on the disclosure and teachings as provided herein.

The terms “‘comprises,” “comprising,” “includes,”
“including,” “has,” “having” or any other variation thereot,
are 1ntended to cover a non-exclusive inclusion. For
example, a method, article, or apparatus that comprises a list
of features 1s not necessarily limited only to those features
but may include other features not expressly listed or
inherent to such method, article, or apparatus. Further,
unless expressly stated to the contrary, “or” refers to an
inclusive-or and not to an exclusive-or. For example, a
condition A or B 1s satisfied by any one of the following: A
1s true (or present) and B 1s false (or not present), A 1s false
(or not present) and B 1s true (or present), and both A and B
are true (or present).

Also, the use of “a” or “an” 1s employed to describe
clements and components described herein. This 1s done
merely for convenience and to give a general sense of the
scope of the mvention. This description should be read to
include one, at least one, or the singular as also including the
plural, or vice versa, unless it 1s clear that it 1s meant
otherwise. For example, when a single item 1s described
herein, more than one item may be used 1n place of a single
item. Similarly, where more than one 1tem i1s described
herein, a single item may be substituted for that more than
one 1tem.

Embodiments described herein are generally directed to a
low Iriction bearing liner for a solenoid. According to certain
embodiments, the low friction bearing liner may include a
five component multilayer structure that icludes a core
layer, a first outer layer overlying a first surface of the core
layer, a second outer layer overlying the first outer layer, a
first inner layer overlying a second surface of the core layer
that 1s opposite of the first surface of the core layer, and a
second 1nner layer overlying the first inner layer.

For purposes of 1llustration, FI1G. 1 includes an 1llustration
of a low Iriction bearing liner 100 according to embodiments
described herein. As shown i FIG. 1, a low Iriction bearing
liner 100 may include a core layer 110, a first outer layer 120
overlying a first surface 112 of the core layer 110, a second
outer layer 130 overlying the first outer layer 120, a first
inner layer 140 overlying a second surface 114 of the core
layer 110 that 1s opposite of the first surface 112 of the core
layer 110, and a second mnner layer 150 overlying the first
inner layer 140.

According to a certain embodiments, the core layer 110
may include a polyimide material. According to certain
embodiments, the core layer 110 may include a particular
content of polyimide material. For example, the core layer
110 may include a content of polyimide material of at least

about 50 wt. % for a total weight of the core layer 110, such
as, at least about 55 wt. % or at least about 60 wt. % or a least
about 65 wt. % or a least about 70 wt. % or a least about 75
wt. % or a least about 80 wt. % or a least about 85 wt. % or
a least about 90 wt. % or a least about 95 wt. % or at least
about 96 wt. % or a least about 97 wt. % or a least about 98
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wt. % or a least about 99 wt. %. According to still other
embodiments, the core layer 110 may include a content of
polyimide material of not greater than about 100 wt. % for
a total weight of the core layer 110. It will be appreciated
that the content of polyimide 1n the core layer 110 may be
within a range between any of the minimum and maximum
values noted above. It will be further appreciated that the
content of polyimide in the core layer 110 may be any value
between any of the minimum and maximum values noted
above.

According to still other embodiments, the core layer 110
may consist of a polyimide material.

According to yet other embodiments, the first outer layer
120 may 1include a fluoropolymer maternial. According to
certain embodiments, the first outer layer 120 may include
a particular content of fluoropolymer material. For example,
the first outer layer 120 may include a content of fluoropo-
lymer material of at least about 50 wt. % for a total weight
of the first outer layer 120, such as, at least about 35 wt. %
or at least about 60 wt. % or a least about 65 wt. % or a least
about 70 wt. % or a least about 75 wt. % or a least about 80
wt. % or a least about 85 wt. % or a least about 90 wt. % or
a least about 95 wt. % or at least about 96 wt. % or a least
about 97 wt. % or a least about 98 wt. % or a least about 99
wt. %. According to still other embodiments, the first outer
layer 120 may include a content of tluoropolymer material
not greater than about 100 wt. % for a total weight of the first
outer layer 120. It will be appreciated that the content of
fluoropolymer material in the first outer layer 120 may be
within a range between any of the minimum and maximum
values noted above. It will be further appreciated that the
content of fluoropolymer material in the first outer layer 120
may be any value between any of the minmimum and maxi-
mum values noted above.

According to still other embodiments, the first outer layer
120 may consist of a fluoropolymer material.

According to still other embodiments, the first outer layer
120 may have a particular melt flow rate. It will be appre-
ciated that for purposes of embodiments described herein,
the melt flow rate of a particular material or layer may be
measured according to ASTM #D-2116 at a temperature of
372° C. According to certain embodiments, the first outer
layer 120 may have a melt tlow rate of at least about 2.0 g/10
min.

According to yet other embodiments, the first outer layer
120 may include at least one of a fluorinated ethylene
propylene material, a perfluoroalkoxy alkane material, a
modified PTFE material, or a combination thereof. Accord-
ing to still other embodiments, the first outer layer 120 may
consist of at least about of a fluorinated ethylene propylene
material, a pertluoroalkoxy alkane material, a modified
PTFE material, or a combination thereof.

According to yet other embodiments, the first outer layer
120 may 1nclude a fluorinated ethylene propylene material.
According to certain embodiments, the first outer layer 120
may include a particular content of fluormated ethylene
propylene matenial. For example, the first outer layer 120
may include a content of fluorinated ethylene propylene
material of at least about 30 wt. % for a total weight of the
first outer layer 120, such as, at least about 35 wt. % or at
least about 40 wt. % or at least about 45 wt. % or at least
about 50 wt. % or at least about 55 wt. % or at least about
60 wt. % or a least about 65 wt. % or a least about 70 wt.
% or a least about 75 wt. % or a least about 80 wt. % or a

least about 85 wt. % or a least about 90 wt. % or a least about
05 wt. % or at least about 96 wt. % or a least about 97 wt.

% or a least about 98 wt. % or a least about 99 wt. %.
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According to still other embodiments, the first outer layer
120 may include a content of fluorinated ethylene propylene
material not greater than about 100 wt. % for a total weight
of the first outer layer 120. It will be appreciated that the
content of fluorinated ethylene propylene matenal in the first
outer layer 120 may be within a range between any of the
mimmum and maximum values noted above. It will be
turther appreciated that the content of fluorinated ethylene
propylene material in the first outer layer 120 may be any
value between any of the minimum and maximum values
noted above.

According to still other embodiments, the first outer layer
120 may consist of a fluorinated ethylene propylene mate-
rial.

According to yet other embodiments, the first outer layer
120 may include a perfluoroalkoxy alkane material. Accord-
ing to certain embodiments, the first outer layer 120 may
include a particular content of perfluoroalkoxy alkane mate-
rial. For example, the first outer layer 120 may include a
content of pertluoroalkoxy alkane material of at least about
30 wt. % for a total weight of the first outer layer 120, such
as, at least about 35 wt. % or at least about 40 wt. % or at
least about 45 wt. % or at least about 50 wt. % or at least
about 55 wt. % or at least about 60 wt. % or a least about 65
wt. % or a least about 70 wt. % or a least about 75 wt. % or
a least about 80 wt. % or a least about 85 wt. % or a least
about 90 wt. % or a least about 95 wt. % or at least about 96
wt. % or a least about 97 wt. % or a least about 98 wt. % or
a least about 99 wt. %. According to still other embodiments,
the first outer layer 120 may include a content of pertluo-
roalkoxy alkane material not greater than about 100 wt. %
for a total weight of the first outer layer 120. It will be
appreciated that the content of perfluoroalkoxy alkane mate-
rial 1in the first outer layer 120 may be within a range
between any of the minimum and maximum values noted
above. It will be further appreciated that the content of
pertluoroalkoxy alkane material 1n the first outer layer 120
may be any value between any of the minmimum and maxi-
mum values noted above.

According to still other embodiments, the first outer layer
120 may consist of a perfluoroalkoxy alkane materal.

According to yet other embodiments, the first outer layer
120 may include a modified PTFE matenal. According to
certain embodiments, the first outer layer 120 may include
a particular content of modified PTFE material. For
example, the first outer layer 120 may include a content of
modified PTFE material of at least about 30 wt. % for a total
weight of the first outer layer 120, such as, at least about 35
wt. % or at least about 40 wt. % or at least about 45 wt. %
or at least about 50 wt. % or at least about 55 wt. % or at least
about 60 wt. % or a least about 65 wt. % or a least about 70
wt. % or a least about 75 wt. % or a least about 80 wt. % or
a least about 85 wt. % or a least about 90 wt. % or a least
about 95 wt. % or at least about 96 wt. % or a least about 97
wt. % or a least about 98 wt. % or a least about 99 wt. %.
According to still other embodiments, the first outer layer
120 may include a content of modified PTFE material not
greater than about 100 wt. % for a total weight of the first
outer layer 120. It will be appreciated that the content of
modified PI'FE material in the first outer layer 120 may be
within a range between any of the minimum and maximum
values noted above. It will be further appreciated that the
content of modified PTFE material 1n the first outer layer
120 may be any value between any of the minimum and
maximum values noted above.

According to still other embodiments, the first outer layer
120 may consist of a modified PTFE matenal.
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According to still other embodiments, the first outer layer
120 may contact the first surface 112 of the core layer 110.
According to still other embodiments, the first outer layer
120 may be bonded to the first surface 112 of the core layer
110. According to yet other embodiments, the first outer
layer 120 may be laminated to the first surface 112 of the

core layer 110.

According to other embodiments, the second outer layer
130 may include a fluoropolymer material that i1s distinct
from the fluoropolymer material of the first outer layer 120.
According to certain embodiments, the second outer layer
130 may include a particular content of fluoropolymer
material. For example, the second outer layer 130 may
include a content of fluoropolymer material of at least about
50 wt. % for a total weight of the second outer layer 130,
such as, at least about 55 wt. % or at least about 60 wt. %
or a least about 65 wt. % or a least about 70 wt. % or a least
about 75 wt. % or a least about 80 wt. % or a least about 85
wt. % or a least about 90 wt. % or a least about 95 wt. % or
at least about 96 wt. % or a least about 97 wt. % or a least
about 98 wt. % or a least about 99 wt. %. According to still
other embodiments, the second outer layer 130 may include
a content of fluoropolymer material not greater than about
100 wt. % for a total weight of the second outer layer 130.
It will be appreciated that the content of fluoropolymer
material 1n the second outer layer 130 may be within a range
between any of the minimum and maximum values noted
above. It will be further appreciated that the content of
fluoropolymer material 1n the second outer layer 130 may be
any value between any of the minimum and maximum
values noted above.

According to still other embodiments, the second outer
layer 130 may consist of a fluoropolymer material that 1s
distinct from the fluoropolymer material of the first outer
layer 120.

According to yet other embodiments, the second outer
layer 130 may have a particular surface coeflicient of
triction. It will be appreciated that for purposes of embodi-
ments described herein, the surface coeflicient of friction of
a particular layer may be measured under a 9 newton normal
force at 260 mm/sec 1n contact with a quarter inch polyimide
wear sphere at a temperature of 140° C. and lubricated with
6,000 cs silicone o1l. According to certain embodiments, the
second outer layer 130 may have a surface coethicient of
friction of not greater than about 0.2, such as, not greater
than about 0.15 or not greater than about 0.1 or not greater
than about 0.05 or not greater than about 0.04 or not greater
than about 0.035 or not greater than about 0.034 or not
greater than about 0.033 or not greater than about 0.032 or
not greater than about 0.031 or not greater than about 0.031
or not greater than about 0.030 or not greater than about
0.029 or not greater than about 0.028 or not greater than
about 0.02°7 or not greater than about 0.026 or not greater
than about 0.025 or not greater than about 0.024 or not
greater than about 0.023 or not greater than about 0.022 or
not greater than about 0.021 or not greater than about 0.020
or not greater than about 0.019 or not greater than about
0.018 or not greater than about 0.017 or not greater than
about 0.016 or even not greater than about 0.015. According
to still other embodiments, the second outer layer 130 may
have a surface coethicient of friction of at least about 0.010,
such as, at least about 0.011 or even at least about 0.012. It
will be appreciated that the surface coetlicient of friction of
the second outer layer 130 may be within a range between
any ol the minimum and maximum values noted above. It
will be further appreciated that the surface coeflicient of
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friction of the second outer layer 130 may be any value
between any of the minimum and maximum values noted
above.

According to other embodiments, the second outer layer
130 may include at least one of a polytetrafluoroethylene
material or a mixture of a polytetrafluoroethylene material
and a fluorinated ethylene propylene matenal, a pertluoro-
alkoxy alkane material, or a modified PTFE material.
According to still embodiments, the second outer layer 130
may consist of at least one of a polytetrafluoroethylene
material or a mixture of a polytetrafluoroethylene material
and a fluorinated ethylene propylene material, a pertluoro-
alkoxy alkane material, or a modified PTFE matenal.

According to yet other embodiments, the second outer
layer 130 may include a polytetratluoroethylene material.
According to certain embodiments, the second outer layer
130 may include a particular content of polytetratluoroeth-
ylene material. For example, the second outer layer 130 may
include a content of polytetrafluoroethylene matenal of at
least about 50 wt. % for a total weight of the second outer
layer 130, such as, at least about 35 wt. % or at least about
60 wt. % or a least about 65 wt. % or a least about 70 wt.

% or a least about 75 wt. % or a least about 80 wt. % or a

least about 85 wt. % or a least about 90 wt. % or a least about
95 wt. % or at least about 96 wt. % or a least about 97 wt.
% or a least about 98 wt. % or a least about 99 wt. %.
According to still other embodiments, the second outer layer
130 may 1nclude a content of not greater than about 100 wt.
% for a total weight of the second outer layer 130. It will be
appreciated that the content of polytetratluoroethylene mate-
rial in the second outer layer 130 may be within a range
between any of the minimum and maximum values noted
above. It will be further appreciated that the content of
polytetrafluoroethylene material 1in the second outer layer
130 may be any value between any of the minimum and
maximum values noted above.

According to still other embodiments, the second outer
layer 130 may consist of a second outer layer 130.

According to still other embodiments, the second outer
layer 130 may contact the first outer layer 120. According to
still other embodiments, the second outer layer 130 may be
bonded to the first outer layer 120. According to yet other
embodiments, the second outer layer 130 may be laminated
to the first outer layer 120.

According to yet other embodiments, the first inner layer
140 may include a fluoropolymer material. According to
certain embodiments, the first inner layer 140 may include
a particular content of fluoropolymer material. For example,
the first inner layer 140 may include a content of fluoropo-
lymer material of at least about 50 wt. % for a total weight
of the first inner layer 140, such as, at least about 35 wt. %
or at least about 60 wt. % or a least about 65 wt. % or a least
about 70 wt. % or a least about 75 wt. % or a least about 80
wt. % or a least about 85 wt. % or a least about 90 wt. % or
a least about 95 wt. % or at least about 96 wt. % or a least
about 97 wt. % or a least about 98 wt. % or a least about 99
wt. %. According to still other embodiments, the first inner
layer 140 may include a content of fluoropolymer material
not greater than about 100 wt. % for a total weight of the first
iner layer 140. It will be appreciated that the content of
fluoropolymer material in the first inner layer 140 may be
within a range between any of the minimum and maximum
values noted above. It will be further appreciated that the
content of fluoropolymer material in the first inner layer 140
may be any value between any of the minmimum and maxi-
mum values noted above.
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According to still other embodiments, the first inner layer
140 may consist of a fluoropolymer material.

According to still other embodiments, the first inner layer
140 may have a particular melt flow rate. It will be appre-
ciated that for purposes of embodiments described herein,
the melt tlow rate of a particular material or layer may be
measured according to ASTM #D-2116 at a temperature of
372° C. According to certain embodiments, the first inner
layer 140 may have a melt tlow rate of at least about 2.0 g/10
min.

According to yet other embodiments, the first inner layer
140 may include at least one of a fluorinated ethylene
propylene material, a perfluoroalkoxy alkane material, a
modified PTFE material, or a combination thereol. Accord-
ing to still other embodiments, the first inner layer 140 may
consist of at least about of a fluorinated ethylene propylene
material, a pertluoroalkoxy alkane material, a modified
PTFE material, or a combination thereof.

According to yet other embodiments, the first inner layer
140 may include a fluorinated ethylene propylene material.
According to certain embodiments, the first inner layer 140
may include a particular content of fluorinated ethylene
propylene material. For example, the first inner layer 140
may include a content of fluorinated ethylene propylene
material of at least about 30 wt. % for a total weight of the
first inner layer 140, such as, at least about 35 wt. % or at
least about 40 wt. % or at least about 45 wt. % or at least
about 50 wt. % or at least about 55 wt. % or at least about
60 wt. % or a least about 65 wt. % or a least about 70 wt.
% or a least about 75 wt. % or a least about 80 wt. % or a
least about 85 wt. % or a least about 90 wt. % or a least about
95 wt. % or at least about 96 wt. % or a least about 97 wt.
% or a least about 98 wt. % or a least about 99 wt. %.
According to still other embodiments, the first inner layer
140 may 1nclude a content of fluorinated ethylene propylene
material not greater than about 100 wt. % for a total weight
of the first inner layer 140. It will be appreciated that the
content of fluorinated ethylene propylene material 1n the first
inner layer 140 may be within a range between any of the
minimum and maximum values noted above. It will be
turther appreciated that the content of fluorinated ethylene
propylene material 1n the first inner layer 140 may be any
value between any of the mimmum and maximum values
noted above.

According to still other embodiments, the first inner layer
140 may consist of a fluormated ethylene propylene mate-
rial.

According to yet other embodiments, the first inner layer
140 may 1nclude a perfluoroalkoxy alkane material. Accord-
ing to certain embodiments, the first mnner layer 140 may
include a particular content of perfluoroalkoxy alkane mate-
rial. For example, the first inner layer 140 may include a
content of pertluoroalkoxy alkane material of at least about
30 wt. % for a total weight of the first inner layer 140, such
as, at least about 35 wt. % or at least about 40 wt. % or at
least about 45 wt. % or at least about 50 wt. % or at least
about 55 wt. % or at least about 60 wt. % or a least about 65
wt. % or a least about 70 wt. % or a least about 75 wt. % or
a least about 80 wt. % or a least about 85 wt. % or a least
about 90 wt. % or a least about 95 wt. % or at least about 96
wt. % or a least about 97 wt. % or a least about 98 wt. % or
a least about 99 wt. %. According to still other embodiments,
the first inner layer 140 may include a content of pertluo-
roalkoxy alkane material not greater than about 100 wt. %
for a total weight of the first mner layer 140. It will be
appreciated that the content of pertfluoroalkoxy alkane mate-
rial 1n the first inner layer 140 may be within a range
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between any of the minimum and maximum values noted
above. It will be further appreciated that the content of
pertluoroalkoxy alkane material 1n the first mner layer 140
may be any value between any of the mimimum and maxi-
mum values noted above.

According to still other embodiments, the first inner layer
140 may consist of a perfluoroalkoxy alkane material.

According to yet other embodiments, the first inner layer
140 may include a modified PTFE material. According to
certain embodiments, the first inner layer 140 may include
a particular content of modified PTFE material. For
example, the first inner layer 140 may include a content of
modified PTFE material of at least about 30 wt. % for a total
weight of the first inner layer 140, such as, at least about 35
wt. % or at least about 40 wt. % or at least about 45 wt. %
or at least about 50 wt. % or at least about 55 wt. % or at least
about 60 wt. % or a least about 65 wt. % or a least about 70
wt. % or a least about 75 wt. % or a least about 80 wt. % or
a least about 85 wt. % or a least about 90 wt. % or a least
about 95 wt. % or at least about 96 wt. % or a least about 97
wt. % or a least about 98 wt. % or a least about 99 wt. %.
According to still other embodiments, the first inner layer
140 may include a content of modified PTFE material not
greater than about 100 wt. % for a total weight of the first
iner layer 140. It will be appreciated that the content of
modified PI'FE material in the first inner layer 140 may be
within a range between any of the minimum and maximum
values noted above. It will be further appreciated that the
content of modified PTFE material in the first inner layer
140 may be any value between any of the minimum and
maximum values noted above.

According to still other embodiments, the first inner layer
140 may consist of a modified PTFE matenal.

According to still other embodiments, the first inner layer
140 may contact the first surface 112 of the core layer 110.
According to still other embodiments, the first inner layer
140 may be bonded to the first surface 112 of the core layer
110. According to yet other embodiments, the first inner
layer 140 may be laminated to the first surface 112 of the
core layer 110.

According to other embodiments, the second inner layer
150 may include a fluoropolymer material that 1s distinct
from the tluoropolymer material of the first inner layer 140.
According to certain embodiments, the second inner layer
150 may include a particular content of tluoropolymer
material. For example, the second inner layer 150 may
include a content of fluoropolymer material of at least about
50 wt. % for a total weight of the second inner layer 150,
such as, at least about 55 wt. % or at least about 60 wt. %
or a least about 65 wt. % or a least about 70 wt. % or a least
about 75 wt. % or a least about 80 wt. % or a least about 85
wt. % or a least about 90 wt. % or a least about 95 wt. % or
at least about 96 wt. % or a least about 97 wt. % or a least
about 98 wt. % or a least about 99 wt. %. According to still
other embodiments, the second inner layer 150 may include
a content of fluoropolymer maternial not greater than about
100 wt. % for a total weight of the second inner layer 150.
It will be appreciated that the content of fluoropolymer
material 1n the second mner layer 150 may be within a range
between any of the minimum and maximum values noted

above. It will be further appreciated that the content of
fluoropolymer material in the second 1nner layer 150 may be
any value between any of the minimum and maximum
values noted above.
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According to still other embodiments, the second inner
layer 150 may consist of a fluoropolymer material that 1s
distinct from the fluoropolymer material of the first inner
layer 140.

According to yet other embodiments, the second inner
layer 150 may have a particular surface coeflicient of
friction. It will be appreciated that for purposes of embodi-
ments described herein, the surface coeflicient of friction of
a particular layer may be measured under a 9 newton normal
force at 260 mm/sec 1n contact with a quarter inch polyimide
wear sphere at a temperature of 140° C. and lubricated with
6,000 cs silicone o1l. According to certain embodiments, the
second 1nner layer 150 may have a surface coeflicient of
friction of not greater than about 0.2, such as, not greater
than about 0.15 or not greater than about 0.1 or not greater
than about 0.05 or not greater than about 0.04 or not greater
than about 0.035 or not greater than about 0.034 or not
greater than about 0.033 or not greater than about 0.032 or
not greater than about 0.031 or not greater than about 0.031
or not greater than about 0.030 or not greater than about
0.029 or not greater than about 0.028 or not greater than
about 0.027 or not greater than about 0.026 or not greater
than about 0.025 or not greater than about 0.024 or not
greater than about 0.023 or not greater than about 0.022 or
not greater than about 0.021 or not greater than about 0.020
or not greater than about 0.019 or not greater than about
0.018 or not greater than about 0.017 or not greater than
about 0.016 or even not greater than about 0.015. According
to still other embodiments, the second 1nner layer 150 may
have a surface coethlicient of friction of at least about 0.010,
such as, at least about 0.011 or even at least about 0.012. It
will be appreciated that the surface coetlicient of friction of
the second mner layer 150 may be within a range between
any ol the minimum and maximum values noted above. It
will be further appreciated that the surface coeflicient of
friction of the second inner layer 150 may be any value
between any of the minimum and maximum values noted
above.

According to other embodiments, the second 1nner layer
150 may include at least one of a polytetrafluoroethylene
material or a mixture of a polytetrafluoroethylene material
and a fluorinated ethylene propylene material, a pertluoro-
alkoxy alkane material, or a modified PTFE matenal.
According to still embodiments, the second inner layer 150
may consist of at least one of a polytetrafluoroethylene
material or a mixture ol a polytetratluoroethylene material
and a fluorinated ethylene propylene matenal, a pertluoro-
alkoxy alkane material, or a modified PTFE material.

According to yet other embodiments, the second 1nner
layer 150 may include a polytetrafluoroethylene matenal.
According to certain embodiments, the second inner layer
150 may include a particular content of polytetratluoroeth-
ylene material. For example, the second 1nner layer 150 may
include a content of polytetrafluoroethylene maternal of at
least about 50 wt. % for a total weight of the second 1nner
layer 150, such as, at least about 55 wt. % or at least about
60 wt. % or a least about 65 wt. % or a least about 70 wt.
% or a least about 75 wt. % or a least about 80 wt. % or a
least about 85 wt. % or a least about 90 wt. % or a least about
95 wt. % or at least about 96 wt. % or a least about 97 wt.
% or a least about 98 wt. % or a least about 99 wt. %.
According to still other embodiments, the second 1nner layer
150 may include a content of not greater than about 100 wt.
% for a total weight of the second mner layer 150. It will be
appreciated that the content of polytetratluoroethylene mate-
rial i the second inner layer 150 may be within a range
between any of the minimum and maximum values noted
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above. It will be further appreciated that the content of
polytetrafluoroethylene material 1n the second inner layer
150 may be any value between any of the minimum and
maximum values noted above.

According to still other embodiments, the second inner
layer 150 may consist of a second inner layer 150.

According to still other embodiments, the second inner
layer 150 may contact the first inner layer 140. According to
still other embodiments, the second nner layer 150 may be
bonded to the first inner layer 140. According to yet other
embodiments, the second nner layer 150 may be laminated
to the first inner layer 140.

According to yet other embodiments, the low iriction
bearing liner 100 may have a particular first outer layer
thickness ratio FOL /CL ~ where FOL - 1s equal to a thick-
ness of the first outer layer 120 and CL, 1s equal to the
thickness of the core layer 110. For example, the low friction
bearing liner 100 may have a first outer layer thickness ratio
FOL /CL - of at least about 0.02, such as, at least about 0.03

or at least about 0.04 or at least about 0.05 or at least about
0.06 or at least about 0.07 or at least about 0.08 or at least
about 0.09. According to still other embodiments, the low
friction bearing liner 100 may have a first outer layer
thickness ratio FOL./CL - of not greater than about 0.4, such
as, not greater than about 0.3 or not greater than about 0.2
or not greater than about 0.19 or not greater than about 0.18
or not greater than about 0.17 or not greater than about 0.16
or not greater than about 0.15 or not greater than about 0.14
or not greater than about 0.13 or not greater than about 0.12
or not greater than about 0.11. It will be appreciated that the
first outer layer thickness ratio FOL /CL - of the low friction
bearing liner 100 may be within a range between any of the
minimum and maximum values noted above. It will be
turther appreciated that the first outer layer thickness ratio
FOL /CL , of the low friction bearing liner 100 may be any
value between any of the minimum and maximum values
noted above.

According to yet other embodiments, the low friction
bearing liner 100 may have a particular second outer layer
thickness ratio SOC./CL., where SOC. 1s equal to a thick-
ness of the second outer layer 130 and CL - 1s equal to the
thickness of the core layer 110. For example, the low friction
bearing liner 100 may have a second outer layer thickness
ratio SOC./CL-of at least about 0.02, such as, at least about
0.03 or at least about 0.04 or at least about 0.05 or at least
about 0.06 or at least about 0.07 or at least about 0.08 or at
least about 0.09. According to still other embodiments, the
low friction bearing liner 100 may have a second outer layer
thickness ratio SOC./CL ..of not greater than about 0.4, such
as, not greater than about 0.3 or not greater than about 0.2
or not greater than about 0.19 or not greater than about 0.18
or not greater than about 0.17 or not greater than about 0.16
or not greater than about 0.15 or not greater than about 0.14
or not greater than about 0.13 or not greater than about 0.12
or not greater than about 0.11. It will be appreciated that the
second outer layer thickness ratio SOC,/CL.,. of the low
friction bearing liner 100 may be within a range between any
of the minimum and maximum values noted above. It will
be further appreciated that the second outer layer thickness
ratio SOC/CL o1 the low friction bearing liner 100 may be
any value between any of the minimum and maximum
values noted above.

According to yet other embodiments, the low friction
bearing liner 100 may have a particular first inner layer
thickness ratio FIL /CL ~, where FIL.-1s equal to a thickness
of the first inner layer 140 and CL - 1s equal to the thickness
of the core layer 110. For example, the low friction bearing
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liner 100 may have a first inner layer thickness ratio FIL ./
CL.. of at least about 0.02, such as, at least about 0.03 or at
least about 0.04 or at least about 0.05 or at least about 0.06
or at least about 0.07 or at least about 0.08 or at least about
0.09. According to still other embodiments, the low friction
bearing liner 100 may have a first inner layer thickness ratio
FIL ,/CL. of not greater than about 0.4, such as, not greater
than about 0.3 or not greater than about 0.2 or not greater
than about 0.19 or not greater than about 0.18 or not greater
than about 0.17 or not greater than about 0.16 or not greater
than about 0.15 or not greater than about 0.14 or not greater
than about 0.13 or not greater than about 0.12 or not greater
than about 0.11. It will be appreciated that the first inner
layer thickness ratio FIL /CL ., of the low friction bearing
liner 100 may be within a range between any of the
minimum and maximum values noted above. It will be
turther appreciated that the first inner layer thickness ratio
FIL./CL of the low friction bearing liner 100 may be any
value between any of the mimmum and maximum values
noted above.

According to yet other embodiments, the low 1friction
bearing liner 100 may have a particular second inner layer
thickness ratio SIL./CL ., where SIL . 1s equal to a thickness
of the second inner layer 150 and CL, i1s equal to the
thickness of the core layer 110. For example, the low friction
bearing liner 100 may have a second inner layer thickness
ratio SIL/CL - of at least about 0.02, such as, at least about
0.03 or at least about 0.04 or at least about 0.05 or at least
about 0.06 or at least about 0.07 or at least about 0.08 or at
least about 0.09. According to still other embodiments, the
low friction bearing liner 100 may have a second inner layer
thickness ratio SIL /CL.- of not greater than about 0.4, such
as, not greater than about 0.3 or not greater than about 0.2
or not greater than about 0.19 or not greater than about 0.18
or not greater than about 0.17 or not greater than about 0.16
or not greater than about 0.15 or not greater than about 0.14
or not greater than about 0.13 or not greater than about 0.12
or not greater than about 0.11. It will be appreciated that the
second mner layer thickness ratio SIL/CL, of the low
friction bearing liner 100 may be within a range between any
of the minimum and maximum values noted above. It will
be further appreciated that the second inner layer thickness
ratio SIL/CL - of the low Iriction bearing liner 100 may be
any value between any of the minimum and maximum
values noted above.

According to yet other embodiments, the core layer 110
may have a particular thickness. For example, the core layer
110 may have a thickness of at least about 10 um, such as,
at least about 15 um or at least about 20 um or at least about
25 um or at least about 30 um or at least about 35 um or at
least about 40 um or at least about 45 um or even at least
about 49 um. According to still other embodiments, the core
layer 110 may have a thickness of not greater than about 150
wm, such as, not greater than about 145 um or not greater
than about 140 um or not greater than about 135 um or not
greater than about 130 um or not greater than about 125 um
or not greater than about 120 um or not greater than about
115 um or not greater than about 110 um or not greater than
about 105 um or not greater than about 100 um or not greater
than about 95 um or not greater than about 90 um or not
greater than about 85 um or not greater than about 80 um or
not greater than about 75 um or not greater than about 70 um
or not greater than about 65 um or not greater than about 60
wm or not greater than about 55 um or not greater than about
50 um or not greater than about 45 um or not greater than
about 40 um or not greater than about 35 um or not greater
than about 30 um or not greater than about 25 um or not
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greater than about 20 um or not greater than about 15 um or
not greater than about 10 um. It will be appreciated that the
thickness of the core layer 110 may be within a range
between any of the minimum and maximum values noted
above. It will be further appreciated that the thickness of the
corec layer 110 may be any value between any of the
mimmum and maximum values noted above.

According to yet other embodiments, the first outer layer
120 may have a particular thickness. For example, the first
outer layer 120 may have a thickness of at least about at least
about 1 um, such as, at least about 1.5 um or at least about
2.0 um or at least about 2.5 um or at least about 3.0 um or
at least about 3.5 um or at least about 4.0 um or at least about
4.5 um or even at least about 4.9 um. According to still other
embodiments, the first outer layer 120 may have a thickness
ol not greater than about 10 um, such as, not greater than
about 9.5 um or not greater than about 9.0 um or not greater
than about 8.5 um or not greater than about 8.0 um or not
greater than about 7.5 um or not greater than about 7.0 um
or not greater than about 6.5 um or not greater than about 6.0
wm or not greater than about 5.5 um or not greater than about
5.1 um. It will be appreciated that the thickness of the first
outer layer 120 may be within a range between any of the
mimmum and maximum values noted above. It will be
turther appreciated that the thickness of the first outer layer
120 may be any value between any of the minimum and
maximum values noted above.

According to vet other embodiments, the second outer
layer 130 may have a particular thickness. For example, the
second outer layer 130 may have a thickness of at least about
at least about 1 um, such as, at least about 1.5 um or at least
about 2.0 um or at least about 2.5 um or at least about 3.0
wm or at least about 3.5 um or at least about 4.0 um or at least
about 4.5 um or even at least about 4.9 um. According to still
other embodiments, the second outer layer 130 may have a
thickness of not greater than about 10 um, such as, not
greater than about 9.5 um or not greater than about 9.0 um
or not greater than about 8.5 um or not greater than about 8.0
wm or not greater than about 7.5 um or not greater than about
7.0 um or not greater than about 6.5 um or not greater than
about 6.0 um or not greater than about 5.5 um or not greater
than about 5.1 um. It will be appreciated that the thickness
ol the second outer layer 130 may be within a range between
any of the minimum and maximum values noted above. It
will be further appreciated that the thickness of the second
outer layer 130 may be any value between any of the
minimum and maximum values noted above.

According to yet other embodiments, the first inner layer
140 may have a particular thickness. For example, the first
inner layer 140 may have a thickness of at least about at least
about 1 um, such as, at least about 1.5 um or at least about
2.0 um or at least about 2.5 um or at least about 3.0 um or
at least about 3.5 um or at least about 4.0 um or at least about
4.5 um or even at least about 4.9 um. According to still other
embodiments, the first inner layer 140 may have a thickness
of not greater than about 10 um, such as, not greater than
about 9.5 um or not greater than about 9.0 um or not greater
than about 8.5 um or not greater than about 8.0 um or not
greater than about 7.5 um or not greater than about 7.0 um
or not greater than about 6.5 um or not greater than about 6.0
wm or not greater than about 5.5 um or not greater than about
5.1 um. It will be appreciated that the thickness of the first
inner layer 140 may be within a range between any of the
mimmum and maximum values noted above. It will be
turther appreciated that the thickness of the first inner layer
140 may be any value between any of the minimum and
maximum values noted above.
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According to yet other embodiments, the second inner
layer 150 may have a particular thickness. For example, the
second inner layer 150 may have a thickness of at least about
at least about 1 um, such as, at least about 1.5 um or at least
about 2.0 um or at least about 2.5 um or at least about 3.0
wm or at least about 3.5 um or at least about 4.0 um or at least
about 4.5 um or even at least about 4.9 um. According to still
other embodiments, the second 1nner layer 150 may have a
thickness of not greater than about 10 um, such as, not
greater than about 9.5 um or not greater than about 9.0 um
or not greater than about 8.5 um or not greater than about 8.0
wm or not greater than about 7.5 um or not greater than about
7.0 um or not greater than about 6.5 um or not greater than
about 6.0 um or not greater than about 5.5 um or not greater
than about 5.1 um. It will be appreciated that the thickness
of the second 1nner layer 150 may be within a range between
any ol the minimum and maximum values noted above. It
will be further appreciated that the thickness of the second
mner layer 150 may be any value between any of the
minimum and maximum values noted above.

According to still other embodiments, the low 1friction
bearing liner 100 may have a particular thickness. For
examples, the low friction bearing liner 100 may have a
thickness of at least about 10 um, such as, at least about 15
um or at least about 20 um or at least about 25 um or at least
about 30 um or at least about 35 um or at least about 40 um
or at least about 45 um or at least about 50 um or at least
about 55 um or at least about 60 um or at least about 65 um
or even at least about 69 um. According to still other
embodiments, the low friction bearing liner 100 may have a
thickness of not greater than about 200 um, such as, not
greater than about 195 um or not greater than about 190 um
or not greater than about 185 um or not greater than about
180 um or not greater than about 175 um or even not greater
than about 170 um or not greater than about 165 um or not
greater than about 160 um or not greater than about 155 um
or not greater than about 150 um or not greater than about
145 um or not greater than about 140 um or not greater than
about 135 um or not greater than about 130 um or not greater
than about 125 um or not greater than about 120 um or not
greater than about 115 um or not greater than about 110 um
or not greater than about 105 um or not greater than about
100 um or not greater than about 95 um or not greater than
about 90 um or not greater than about 85 um or not greater
than about 80 um or not greater than about 75 um or even
not greater than about 71 um. It will be appreciated that the
thickness of the low friction bearing liner 100 may be within
a range between any of the minimum and maximum values
noted above. It will be further appreciated that the thickness
of the low friction bearing liner 100 may be any value
between any of the minimum and maximum values noted
above.

According to still other embodiments, the low friction
bearing liner 100 may have a particular wear rating. It waill
be appreciated that for purposes of embodiments described
herein, the wear rating may be tested using a Tribometer Test
measured under a 9 newton normal force at 260 mm/sec in
contact with a quarter inch polyimide wear sphere at a
running temperature of 140° C. and lubricated with 6,000 cs
silicone oil. The wear rating 1s equal to the number of
rotations completed before failure 1n a Tribometer Test and
failure 1s defined as a 50% increase 1n COF versus steady-
state value during the Tribometer test. According to certain
embodiments, the low friction bearing liner 100 may have a
wear rating of at least about 35,000, such as, at least about
40,000 or at least about 45,000 or at least about 50,000 or at
least about 75,000 or at least about 100,000 or at least about
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125,000 or at least about 150,000 or at least about 175,000
or at least about 200,000 or at least about 225,000 or even

at least about 250,000.

According to still other embodiments described herein,
the low friction bearing liner may be incorporated nto a
solenoid.

For purposes of illustration, FIG. 2 includes an 1llustration
of a solenoid 200 according to embodiments described
herein. As shown in FIG. 2, a solenoid 200 may include a
barrel 210, an armature 220 within the barrel 210 and a low
friction bearing liner 230 disposed between barrel 210 of the
solenoid 200 and the armature 220 of the solenoid 200.

According to certain embodiments, the barrel 210 of the
solenoid 200 may also be referred to as a poletube. Accord-
ing to certain embodiments, it may be milled out of a single
piece or welded out of at least two pieces.

According to still other embodiments, the armature 220 of
the solenoid 200 may also be referred to as a plunger or
piston.

According to certain embodiments, the low friction bear-
ing liner 230 may be attached to an inner surface of the
barrel 210 of the solenoid.

According to yet other embodiments, the solenoid 200
may be configured such that the armature 220 1s a moving
part that contacts as surface of the low friction bearing liner
230 during movement.

According to still other embodiments, 1t will be appreci-
ated that the low friction bearing liner 230 of the solenoid
200, as shown 1n FIG. 2, may include any of the components
and may be described as having any of the characteristics
described herein with reference to the low iriction bearing
liner 100 as shown 1n FIG. 1. In particular, the low friction
bearing liner 230 of the solenoid 200 as shown 1n FIG. 2,
may include, as shown i FIG. 1, a core layer 110, a first
outer layer 120 overlying a first surface 112 of the core layer
110, a second outer layer 130 overlying the first outer layer
120, a first inner layer 140 overlying a second surface 114
of the core layer 110 that 1s opposite of the first surface 112
of the core layer 110, and a second mner layer 150 overlying
the first inner layer 140.

Many different aspects and embodiments are possible.
Some of those aspects and embodiments are described
herein. After reading this specification, skilled artisans wall
appreciate that those aspects and embodiments are only
illustrative and do not limit the scope of the present inven-
tion. Embodiments may be in accordance with any one or
more of the embodiments as listed below.

Embodiment 1

A low 1Iriction bearing liner for a solenoid, wherein the
low Iriction bearing liner comprises: a core layer comprising
a polyimide matenial; a first outer layer overlying a first
surface of the core layer, wherein the first outer layer
comprises a fluoropolymer material, and wherein the first
outer layer has a melt flow rate of at least about 2 g/10 min
at 372° C.; a second outer layer overlying the first outer
layer, wherein the second outer layer comprises a fluoropo-
lymer material distinct from the fluoropolymer material of
the first outer layer and wherein the first outer layer has a
surface coetlicient of friction of not greater than about 0.2;
a first mnner layer overlying a second surface of the core
layer, wherein the second surface 1s opposite of the first
surface, wherein the first inner layer comprises a fluoropo-
lymer material, and wherein the first inner layer has a melt
flow rate of at least about 2 g/10 min at 372° C.; and a second
inner layer overlying the first inner layer, wherein the second
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iner layer comprises a fluoropolymer maternal distinct from
the fluoropolymer material of the first mmner layer and
wherein the first inner layer has a surface coetlicient of
friction of not greater than about 0.2.

Embodiment 2

A low Iriction bearing liner for a solenoid, wherein the
low Iriction bearing liner comprises: a core layer comprising
a polyimide matenial; a first outer layer overlying a first
surface of the core layer, wherein the first outer layer
comprises at least one of a fluorinated ethylene propylene
material, a pertluoroalkoxy alkane material, a modified
PTFE material, or a combination thereof; a second outer

layer overlying the first outer layer, wherein the second outer
layer comprises at least one of a polytetrafluoroethylene
material or a mixture of a polytetrafluoroethylene material
and a fluorinated ethylene propylene material, a pertluoro-
alkoxy alkane material, or a modified PTFE matenal; a first
inner layer overlying a second surface of the core layer,
wherein the second surface 1s opposite of the first surface,
wherein the first inner layer comprises at least one of a
fluorinated ethylene propylene material, a perfluoroalkoxy
alkane material, a modified PTFE material, or a combination
thereof; and a second inner layer overlying the first inner
layer, wherein the second inner layer comprises at least one
of a polytetrafluoroethylene material or a mixture of a
polytetrafluoroethylene material and a fluormated ethylene

propylene material, a perfluoroalkoxy alkane material, or a
modified PTFE matenal.

Embodiment 3

The low iriction bearing liner of embodiment 2, wherein
the first outer layer has a melt flow rate of at least about 2

g/10 min at 372° C.

Embodiment 4

The low iriction bearing liner of embodiment 2, wherein
the first outer layer has a surface coeflicient of friction of not
greater than about 0.2.

Embodiment 5

The low friction bearing liner of embodiment 2, wherein

the first inner layer has a melt flow rate of at least about 2
g/10 min at 372° C.

Embodiment 6

The low Iriction bearing liner of embodiment 2, wherein
the first inner layer has a surface coeflicient of friction of not
greater than about 0.2.

Embodiment 7

The low Iriction bearing liner of embodiment 1, wherein
the first outer layer comprises at least one of a fluormated
cthylene propylene material, a perfluoroalkoxy alkane mate-
rial, a modified PTFE material, or a combination thereof.

Embodiment 8

The low Iriction bearing liner of embodiment 1, wherein
the second outer layer comprises a polytetrafluoroethylene
material or a mixture ol a polytetratluoroethylene material
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and a fluorinated ethylene propylene material, a pertluoro-
alkoxy alkane material, a modified PTFE matenal.

Embodiment 9

The low friction bearing liner of embodiment 1, wherein
the first inner layer comprises at least one of a fluorinated
cthylene propylene material, a pertluoroalkoxy alkane mate-
rial, a modified PTFE material, or a combination thereof.

Embodiment 10

The low Iriction bearing liner of embodiment 1, wherein
the second inner layer comprises a polytetrafluoroethylene
material or a mixture of a polytetrafluoroethylene material
and a fluorinated ethylene propylene material, a pertluoro-
alkoxy alkane material, a modified PTFE matenal.

Embodiment 11

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a wear rating of at least about
32,000, where the wear rating 1s equal to the number of
rotations completed before failure 1n a Tribometer Test and
tailure 1s defined as a 50% increase 1n COF versus steady-
state value during the Tribometer test, or at least about
35,000 or at least about 40,000 or at least about 45,000 or at
least about 50,000 or at least about 75,000 or at least about
100,000 or at least about 125,000 or at least about 150,000
or at least about 175,000 or at least about 200,000 or at least
about 225,000 or at least about 250,000.

Embodiment 12

The low friction bearing liner of any one of embodiments
1 and 2, wherein the core layer consists of a polyimide
material.

Embodiment 13

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first outer layer consists of a fluorinated
cthylene propylene material.

Embodiment 14

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second outer layer consists ol a
polytetrafluoroethylene material.

Embodiment 15

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first inner layer consists of a fluorinated
cthylene propylene material.

Embodiment 16

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second inner layer consists ol a
polytetrafluoroethylene material.

Embodiment 17

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first outer layer contacts the first surface
of the core layer.

10

15

20

25

30

35

40

45

50

55

60

65

18

Embodiment 18

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first outer layer 1s bonded to the first
surface of the core layer.

Embodiment 19

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second outer layer contacts the first
outer layer.

Embodiment 20

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second outer layer 1s bonded to the first
outer layer.

Embodiment 21

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first inner layer contacts the first surface
of the core layer.

Embodiment 22

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first inner layer 1s bonded to the first
surface of the core layer.

Embodiment 23

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second inner layer contacts the first

outer layer.

Embodiment 24

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second 1nner layer 1s bonded to the first
outer layer.

Embodiment 25

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a first outer layer thickness ratio
FOL /CL . of at least about 0.02, where FOL .. 1s equal to the
thickness of the first outer layer and CL - 1s equal to the
thickness of the core layer, at least about 0.03 or at least
about 0.04 or at least about 0.05 or at least about 0.06 or at
least about 0.07 or at least about 0.08 or at least about 0.09.

Embodiment 26

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a first outer layer thickness ratio
FOL /CL - of not greater than about 0.4, where FOL - 1s
equal to the thickness of the first outer layer and CL -1s equal
to the thickness of the core layer, not greater than about 0.3
or not greater than about 0.2 or not greater than about 0.19
or not greater than about 0.18 or not greater than about 0.17
or not greater than about 0.16 or not greater than about 0.15
or not greater than about 0.14 or not greater than about 0.13
or not greater than about 0.12 or not greater than about 0.11.

Embodiment 27

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a second outer layer thickness
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ratio SOL /CL - of at least about 0.02, where SOL - 1s equal
to the thickness of the second outer layer and CL.. 1s equal
to the thickness of the core layer, at least about 0.03 or at
least about 0.04 or at least about 0.05 or at least about 0.06
or at least about 0.07 or at least about 0.08 or at least about

0.09.

Embodiment 28

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a second outer layer thickness

ratio SOL /CL - of not greater than about 0.4, where SOL -
1s equal to the thickness of the second outer layer and CL .,

1s equal to the thickness of the core layer, not greater than
bout 0.3 or not greater than about 0.2 or not greater than
vbout 0.19 or not greater than about 0.18 or not greater than
bout 0.17 or not greater than about 0.16 or not greater than
bout 0.15 or not greater than about 0.14 or not greater than

vout 0.13 or not greater than about 0.12 or not greater than
bout 0.11.

SR RN R I R

Embodiment 29

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a first inner layer thickness ratio
FIL /CL - of at least about 0.02, where FIL - 1s equal to the
thickness of the first inner layer and CLT 1s equal to the
thickness of the core layer, at least about 0.03 or at least
about 0.04 or at least about 0.05 or at least about 0.06 or at
least about 0.07 or at least about 0.08 or at least about 0.09.

Embodiment 30

The low friction bearing liner of any one of embodiments
1 and 2, comprising a first mner layer thickness ratio
FIL ,/CL.of not greater than about 0.4, where FIL . 1s equal
to the thickness of the first inner layer and CL - 1s equal to
the thickness of the core layer, not greater than about 0.3 or
not greater than about 0.2 or not greater than about 0.19 or
not greater than about 0.18 or not greater than about 0.17 or
not greater than about 0.16 or not greater than about 0.15 or
not greater than about 0.14 or not greater than about 0.13 or
not greater than about 0.12 or not greater than about 0.11.

Embodiment 31

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a second inner layer thickness
ratio SIL /CL - of at least about 0.02, where SIL -1s equal to
the thickness of the second inner layer and CL - 1s equal to
the thickness of the core layer, at least about O. 03 or at least
about 0.04 or at least about 0.05 or at least about 0.06 or at
least about 0.07 or at least about 0.08 or at least about 0.09.

Embodiment 32

The low friction bearing liner of any one of embodiments
1 and 2, further comprising a second inner layer thickness
ratio SIL./CL - of not greater than about 0.4, where SIL - 1s
equal to the thickness of the second 1nner layer and CL - 1s
equal to the thickness of the core layer, not greater than
bout 0.3 or not greater than about 0.2 or not greater than
vout 0.19 or not greater than about 0.18 or not greater than
vbout 0.17 or not greater than about 0.16 or not greater than
bout 0.15 or not greater than about 0.14 or not greater than
bout 0.13 or not greater than about 0.12 or not greater than
bout 0.11.
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Embodiment 33

The low friction bearing liner of any one of embodiments
1 and 2, wherein the core layer has a thickness of at least
about at least about 10 um or at least about 15 um or at least
about 20 um or at least about 25 um or at least about 30 um
or at least about 35 um or at least about 40 um or at least
about 45 um or even at least about 49 um.

Embodiment 34

The low friction bearing liner of any one of embodiments
1 and 2, wherein the core layer has a thickness of not greater
than about 150 um or not greater than about 145 um or not
greater than about 140 um or not greater than about 135 um
or not greater than about 130 um or not greater than about
125 um or not greater than about 120 um or not greater than
about 115 um or not greater than about 110 um or not greater
than about 105 um or not greater than about 100 um or not
greater than about 95 um or not greater than about 90 um or
not greater than about 85 um or not greater than about 80 um
or not greater than about 75 um or not greater than about 70
wm or not greater than about 65 um or not greater than about
60 um or not greater than about 55 um or not greater than
about 50 um or not greater than about 45 um or not greater
than about 40 um or not greater than about 35 um or not
greater than about 30 um or not greater than about 25 um or
not greater than about 20 um or not greater than about 15 um
or not greater than about 10 um.

Embodiment 35

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first outer layer has a thickness of at
least about 1 um or at least about 1.5 um or at least about 2.0
wm or at least about 2.5 um or at least about 3.0 um or at least
about 3.5 um or at least about 4.0 um or at least about 4.5
wm or at least about 4.9 um.

Embodiment 36

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first outer layer has a thickness of not
greater than about 10 um or not greater than about 9.5 um
or not greater than about 9.0 um or not greater than about 8.5
wm or not greater than about 8.0 um or not greater than about
7.5 um or not greater than about 7.0 um or not greater than
about 6.5 um or not greater than about 6.0 um or not greater
than about 5.5 um or not greater than about 5.1 um.

Embodiment 37

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second outer layer has a thickness of at
least about 1 um or at least about 1.5 um or at least about 2.0
wm or at least about 2.5 um or at least about 3.0 um or at least
about 3.5 um or at least about 4.0 um or at least about 4.5
wm or at least about 4.9 um.

Embodiment 38

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second outer layer has a thickness ol not
greater than about 10 um or not greater than about 9.5 um
or not greater than about 9.0 um or not greater than about 8.5
wm or not greater than about 8.0 um or not greater than about
7.5 um or not greater than about 7.0 um or not greater than



US 11,162,531 B2

21

about 6.5 um or not greater than about 6.0 um or not greater
than about 5.5 um or not greater than about 5.1 um.

Embodiment 39

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first inner layer has a thickness of at
least about 1 um or at least about 1.5 um or at least about 2.0
wm or at least about 2.5 um or at least about 3.0 um or at least
about 3.5 um or at least about 4.0 um or at least about 4.5
um or at least about 4.9 um.

Embodiment 40

The low friction bearing liner of any one of embodiments
1 and 2, wherein the first mnner layer has a thickness of not
greater than about 10 um or not greater than about 9.5 um
or not greater than about 9.0 um or not greater than about 8.5
wm or not greater than about 8.0 um or not greater than about
7.5 um or not greater than about 7.0 um or not greater than
about 6.5 um or not greater than about 6.0 um or not greater
than about 5.5 um or not greater than about 5.1 um.

Embodiment 41

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second inner layer has a thickness of at
least about 1 um or at least about 1.5 um or at least about 2.0
um or at least about 2.5 um or at least about 3.0 um or at least
about 3.5 um or at least about 4.0 um or at least about 4.5
um or at least about 4.9 um.

Embodiment 42

The low friction bearing liner of any one of embodiments
1 and 2, wherein the second 1nner layer has a thickness of not
greater than about 10 um or not greater than about 9.5 um
or not greater than about 9.0 um or not greater than about 8.5
wm or not greater than about 8.0 um or not greater than about
7.5 um or not greater than about 7.0 um or not greater than
about 6.5 um or not greater than about 6.0 um or not greater
than about 5.5 um or not greater than about 5.1 um.

Embodiment 43

The low friction bearing liner of any one of embodiments
1 and 2, wherein the low iriction bearing liner has a
thickness of at least about 10 um or at least about 15 um or
at least about 20 um or at least about 25 um or at least about
30 um or at least about 35 um or at least about 40 um or at
least about 45 um or at least about 50 um or at least about
55 um or at least about 60 um or at least about 65 um or even
at least about 69 um.

Embodiment 44

The low friction bearing liner of any one of embodiments
1 and 2, wherein the low Iriction bearing liner has a
thickness of not greater than about 200 um or not greater
than about 195 um or not greater than about 190 um or not
greater than about 185 um or not greater than about 180 um
or not greater than about 175 um or even not greater than
about 170 um or not greater than about 165 um or not greater
than about 160 um or not greater than about 155 um or not
greater than about 150 um or not greater than about 145 um
or not greater than about 140 um or not greater than about
135 um or not greater than about 130 um or not greater than
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about 125 um or not greater than about 120 um or not greater
than about 115 um or not greater than about 110 um or not
greater than about 105 um or not greater than about 100 um
or not greater than about 95 um or not greater than about 90
uwm or not greater than about 85 um or not greater than about
80 um or not greater than about 75 um or even not greater
than about 71 um.

Embodiment 45

A solenoid comprising: a barrel; an armature within the
barrel; and a low friction bearing liner disposed between an
inner surface of the barrel and an outer surface of the
armature, wherein the low friction bearing liner comprises:
a core layer comprising a polyimide material; a first outer
layer overlying a first surface of the core layer, wherein the
first outer layer comprises a fluoropolymer matenal, and
wherein the first outer layer has a melt tlow rate of at least
about 2 ¢/10 min at 372° C.; a second outer layer overlying
the first outer layer, wherein the second outer layer com-
prises a fluoropolymer material distinct from the fluoropo-
lymer material of the first outer layer and wherein the first
outer layer has a surface coeflicient of friction of not greater
than about 0.2; a first inner layer overlying a second surface
of the core layer, wherein the second surface i1s opposite of
the first surface, wherein the first mner layer comprises a
fluoropolymer maternial, and wherein the first inner layer has
a melt tlow rate of at least about 2 g/10 min at 372° C.; and
a second inner layer overlying the first inner layer, wherein
the second inner layer comprises a fluoropolymer material
distinct from the fluoropolymer material of the first inner
layer and wherein the first mnner layer has a surface coetli-
cient of Iriction of not greater than about 0.2.

Embodiment 46

A solenoid comprising: a barrel; an armature within the
barrel; and a low Iriction bearing liner disposed between an
inner surface of the barrel and an outer surface of the
armature, wherein the low friction bearing liner comprises:
a core layer comprising a polyimide material; a first outer
layer overlying a first surface of the core layer, wherein the
first outer layer comprises at least one of a fluorinated
cthylene propylene material, a perfluoroalkoxy alkane mate-
rial, a modified PTFE material, or a combination thereot; a
second outer layer overlying the first outer layer, wherein the
second outer layer comprises a polytetratluoroethylene
material or a mixture ol a polytetratluoroethylene material
and a fluorinated ethylene propylene matenial, a pertluoro-
alkoxy alkane maternial, a modified PTFE maternial; a first
mner layer overlying a second surface of the core laver,
wherein the second surface 1s opposite of the first surface,
wherein the first inner layer comprises at least one of a
fluorinated ethylene propylene material, a perfluoroalkoxy
alkane material, a modified PTFE material, or a combination
thereof; and a second i1nner layer overlying the first inner
layer, wherein the second 1nner layer comprises a polytet-
rafluoroethylene material or a mixture of a polytetrafluoro-
cthylene material and a fluorinated ethylene propylene mate-
rial, a perfluoroalkoxy alkane material, a modified PTFE
material.

Embodiment 47

The solenoid of any one of embodiments 45 and 46,
wherein the low friction bearing liner 1s attached to the inner
surtace of the barrel.
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Embodiment 48

The solenoid of embodiment 46, wherein the first outer

layer has a melt flow rate of at least about 2 g/10 min at 372°
C.

Embodiment 49

The solenoid of embodiment 46, wherein the first outer
layer has a surface coeflicient of friction of not greater than

about 0.2.

Embodiment 50

The solenoid of embodiment 46, wherein the first inner

layer has a melt flow rate of at least about 2 g/10 min at 372°
C.

Embodiment 51

The solenoid of embodiment 46, wherein the first inner

layer has a surface coeflicient of friction of not greater than
about 0.2.

Embodiment 52

The solenoid of embodiment 45, wherein the first outer
layer comprises at least one of a fluorinated ethylene pro-
pylene material, a perfluoroalkoxy alkane material, a modi-
fied PTFE material, or a combination thereof.

Embodiment 53

The solenoid of embodiment 45, wherein the second outer
layer comprises a polytetrafluoroethylene material or a mix-
ture of a polytetrafluoroethylene material and a fluorinated
cthylene propylene material, a perfluoroalkoxy alkane mate-
rial, a modified PTFE matenal.

Embodiment 54

The solenoid of embodiment 45, wherein the first 1nner
layer comprises at least one of a fluorinated ethylene pro-
pylene material, a perfluoroalkoxy alkane material, a modi-
fied PTFE material, or a combination thereof.

Embodiment 55

The solenoid of embodiment 45, wherein the second 1nner
layer comprises a polytetrafluoroethylene material or a mix-
ture of a polytetrafluoroethylene material and a fluorinated
cthylene propylene material, a perfluoroalkoxy alkane mate-
rial, a modified PTFE matenal.

Embodiment 56

The solenoid of any one of embodiments 45 and 46,
wherein low friction bearing liner comprises a wear rating of
at least about 32,000, where the wear rating 1s equal to the
number of rotations completed before failure in a Tribometer
Test and failure 1s defined as a 50% increase 1n COF versus
steady-state value during the Tribometer test, or at least
about 35,000 or at least about 40,000 or at least about 45,000
or at least about 50,000 or at least about 75,000 or at least
about 100,000 or at least about 125,000 or at least about
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150,000 or at least about 175,000 or at least about 200,000
or at least about 225,000 or at least about 250,000.

Embodiment 57

The solenoid of any one of embodiments 45 and 46,
wherein the core layer consists of a polyimide matenal.

Embodiment 58

The solenoid of any one of embodiments 45 and 46,
wherein the first outer layer consists of a fluorinated ethyl-
ene propylene material.

Embodiment 59

The solenoid of any one of embodiments 45 and 46,
wherein the second outer layer consists of a polytetratluo-
roethylene material.

Embodiment 60

The solenoid of any one of embodiments 45 and 46,
wherein the first inner layer consists of a fluorinated ethyl-
ene propylene material.

Embodiment 61

The solenoid of any one of embodiments 45 and 46,
wherein the second inner layer consists of a polytetrafluo-
roethylene material.

Embodiment 62

The solenoid of any one of embodiments 45 and 46,
wherein the first outer layer contacts the first surface of the

core layer.

Embodiment 63

The solenoid of any one of embodiments 45 and 46,
wherein the first outer layer 1s bonded to the first surface of
the core layer.

Embodiment 64

The solenoid of any one of embodiments 45 and 46,
wherein the second outer layer contacts the first outer layer.

Embodiment 65

The solenoid of any one of embodiments 45 and 46,
wherein the second outer layer 1s bonded to the first outer
layer.

Embodiment 66

The solenoid of any one of embodiments 45 and 46,
wherein the first mner layer contacts the first surface of the
core layer.

Embodiment 67

The solenoid of any one of embodiments 45 and 46,
wherein the first inner layer 1s bonded to the first surface of
the core layer.
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Embodiment 68

The solenoid of any one of embodiments 45 and 46,
wherein the second inner layer contacts the first outer layer.

Embodiment 69

The solenoid of any one of embodiments 45 and 46,
wherein the second mnner layer 1s bonded to the first outer
layer.

Embodiment 70

The solenoid of any one of embodiments 45 and 46,
wherein the low Iriction bearing liner comprises a first outer
layer thickness ratio FOL /CL - of at least about 0.02, where
FOL- 1s equal to the thickness of the first outer layer and
CL .1s equal to the thickness of the core layer, at least about
0.03 or at least about 0.04 or at least about 0.05 or at least
about 0.06 or at least about 0.07 or at least about 0.08 or at
least about 0.09.

Embodiment 71

The solenoid of any one of embodiments 45 and 46,
wherein the low Iriction bearing liner comprises a first outer
layer thickness ratio FOL ,/CL.. of not greater than about 0.4,
where FOL - 1s equal to the thickness of the first outer layer
and CL . 1s equal to the thickness of the core layer, not
greater than about 0.3 or not greater than about 0.2 or not
greater than about 0.19 or not greater than about 0.18 or not
greater than about 0.17 or not greater than about 0.16 or not
greater than about 0.15 or not greater than about 0.14 or not
greater than about 0.13 or not greater than about 0.12 or not
greater than about 0.11.

Embodiment 72

The solenoid of any one of embodiments 45 and 46,
wherein the low Iriction bearing liner comprises a second
outer layer thickness ratio SOL /CL - of at least about 0.02,
where SOL - 1s equal to the thickness of the second outer
layer and CL. 1s equal to the thickness of the core layer, at
least about 0.03 or at least about 0.04 or at least about 0.05
or at least about 0.06 or at least about 0.07 or at least about

0.08 or at least about 0.09.

Embodiment 73

The solenoid of any one of embodiments 45 and 46,
wherein the low Iriction bearing liner comprises a second
outer layer thickness ratio SOL./CL ., of not greater than
about 0.4, where SOL 1s equal to the thickness of the
second outer layer and CL - 1s equal to the thickness of the
core layer, not greater than about 0.3 or not greater than
about 0.2 or not greater than about 0.19 or not greater than
about 0.18 or not greater than about 0.17 or not greater than
about 0.16 or not greater than about 0.15 or not greater than
R
R

vbout 0.14 or not greater than about 0.13 or not greater than
vbout 0.12 or not greater than about 0.11.

Embodiment 74

The solenoid of any one of embodiments 45 and 46,

wherein the low Iriction bearing liner comprises a first inner
layer thickness ratio FIL /CL - of at least about 0.02, where

FIL - 1s equal to the thickness of the first outer layer and CL -
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1s equal to the thickness of the core layer, at least about 0.03
or at least about 0.04 or at least about 0.05 or at least about
0.06 or at least about 0.07 or at least about 0.08 or at least
about 0.09.

Embodiment 75

The solenoid of any one of embodiments 45 and 46,
wherein the low friction bearing liner comprises a first inner
layer thickness ratio FIL ,/CL . of not greater than about 0.4,
where FIL - 1s equal to the thickness of the first inner layer
and CL 1s equal to the thickness of the core layer, not
greater than about 0.3 or not greater than about 0.2 or not
greater than about 0.19 or not greater than about 0.18 or not
greater than about 0.17 or not greater than about 0.16 or not
greater than about 0.15 or not greater than about 0.14 or not

greater than about 0.13 or not greater than about 0.12 or not
greater than about 0.11.

Embodiment 76

The solenoid of any one of embodiments 45 and 46,
wherein the low Iriction bearing liner comprises a second
iner layer thickness ratio SIL /CL - of at least about 0.02,
where SIL ~1s equal to the thickness of the second inner layer
and CL . 1s equal to the thickness of the core layer, at least
about 0.03 or at least about 0.04 or at least about 0.05 or at
least about 0.06 or at least about 0.07 or at least about 0.08
or at least about 0.09.

Embodiment 77

The solenoid of any one of embodiments 45 and 46,
wherein the low Iriction bearing liner comprises a second
inner layer thickness ratio SIL./CL. of not greater than
about 0.4, where SIL . 1s equal to the thickness of the second
mner layer and CL.- 1s equal to the thickness of the core
layer, not greater than about 0.3 or not greater than about 0.2
or not greater than about 0.19 or not greater than about 0.18
or not greater than about 0.17 or not greater than about 0.16
or not greater than about 0.15 or not greater than about 0.14
or not greater than about 0.13 or not greater than about 0.12
or not greater than about 0.11.

Embodiment 78

The solenoid of any one of embodiments 45 and 46,
wherein the core layer has a thickness of at least about at
least about 10 um or at least about 15 um or at least about
20 um or at least about 25 um or at least about 30 um or at
least about 35 um or at least about 40 um or at least about
45 um or even at least about 49 um.

Embodiment 79

The solenoid of any one of embodiments 45 and 46,
wherein the core layer has a thickness of not greater than
about 150 um or not greater than about 145 um or not greater
than about 140 um or not greater than about 135 um or not
greater than about 130 um or not greater than about 125 um
or not greater than about 120 um or not greater than about
115 um or not greater than about 110 um or not greater than
about 105 um or not greater than about 100 um or not greater
than about 95 um or not greater than about 90 um or not
greater than about 85 um or not greater than about 80 um or
not greater than about 75 um or not greater than about 70 um
or not greater than about 65 um or not greater than about 60
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um or not greater than about 55 um or not greater than about
50 um or not greater than about 45 um or not greater than
about 40 um or not greater than about 335 um or not greater
than about 30 um or not greater than about 25 um or not
greater than about 20 um or not greater than about 15 um or
not greater than about 10 um.

Embodiment 80

The solenoid of any one of embodiments 45 and 46,
wherein the first outer layer has a thickness of at least about
1 um or at least about 1.5 um or at least about 2.0 um or at
least about 2.5 um or at least about 3.0 um or at least about
3.5 um or at least about 4.0 um or at least about 4.5 um or
at least about 4.9 um.

Embodiment 81

The solenoid of any one of embodiments 45 and 46,
wherein the first outer layer has a thickness of not greater
than about 10 um or not greater than about 9.5 um or not
greater than about 9.0 um or not greater than about 8.5 um
or not greater than about 8.0 um or not greater than about 7.5
wm or not greater than about 7.0 um or not greater than about
6.5 um or not greater than about 6.0 um or not greater than
about 5.5 um or not greater than about 3.1 um.

Embodiment 82

The solenoid of any one of embodiments 45 and 46,
wherein the second outer layer has a thickness of at least
about 1 um or at least about 1.5 um or at least about 2.0 um
or at least about 2.5 um or at least about 3.0 um or at least
about 3.5 um or at least about 4.0 um or at least about 4.5
um or at least about 4.9 um.

Embodiment 83

The solenoid of any one of embodiments 45 and 46,
wherein the second outer layer has a thickness of not greater
than about 10 um or not greater than about 9.5 um or not
greater than about 9.0 um or not greater than about 8.5 um
or not greater than about 8.0 um or not greater than about 7.5
wm or not greater than about 7.0 um or not greater than about
6.5 um or not greater than about 6.0 um or not greater than
about 5.5 um or not greater than about 5.1 um.

Embodiment 84

The solenoid of any one of embodiments 45 and 46,
wherein the first inner layer has a thickness of at least about
1 um or at least about 1.5 um or at least about 2.0 um or at
least about 2.5 um or at least about 3.0 um or at least about
3.5 um or at least about 4.0 um or at least about 4.5 um or
at least about 4.9 um.

Embodiment 85

The solenoid of any one of embodiments 45 and 46,
wherein the first mnner layer has a thickness of not greater
than about 10 um or not greater than about 9.5 um or not
greater than about 9.0 um or not greater than about 8.5 um
or not greater than about 8.0 um or not greater than about 7.5
wm or not greater than about 7.0 um or not greater than about
6.5 um or not greater than about 6.0 um or not greater than
about 5.5 um or not greater than about 5.1 um.
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Embodiment 86

The solenoid of any one of embodiments 45 and 46,
wherein the second inner layer has a thickness of at least
about 1 um or at least about 1.5 um or at least about 2.0 um
or at least about 2.5 um or at least about 3.0 um or at least
about 3.5 um or at least about 4.0 um or at least about 4.5
um or at least about 4.9 um.

Embodiment 87

The solenoid of any one of embodiments 45 and 46,
wherein the second inner layer has a thickness of not greater
than about 10 um or not greater than about 9.5 um or not
greater than about 9.0 um or not greater than about 8.5 um
or not greater than about 8.0 um or not greater than about 7.5
wm or not greater than about 7.0 um or not greater than about
6.5 um or not greater than about 6.0 um or not greater than
about 5.5 um or not greater than about 3.1 um.

Embodiment 88

The solenoid of any one of embodiments 45 and 46,
wherein the low iriction bearing liner has a thickness of at
least about 10 um or at least about 15 um or at least about
20 um or at least about 25 um or at least about 30 um or at
least about 35 um or at least about 40 um or at least about
45 um or at least about 50 um or at least about 35 um or at
least about 60 um or at least about 65 um or even at least
about 69 um.

Embodiment 89

The solenoid of any one of embodiments 45 and 46,
wherein the low friction bearing liner has a thickness of not
greater than about 200 um or not greater than about 195 um
or not greater than about 190 um or not greater than about
185 um or not greater than about 180 um or not greater than
about 175 um or even not greater than about 170 um or not
greater than about 165 um or not greater than about 160 um
or not greater than about 135 um or not greater than about
150 um or not greater than about 145 um or not greater than
about 140 um or not greater than about 135 um or not greater
than about 130 um or not greater than about 125 um or not
greater than about 120 um or not greater than about 115 um
or not greater than about 110 um or not greater than about
105 um or not greater than about 100 um or not greater than
about 95 um or not greater than about 90 um or not greater
than about 85 um or not greater than about 80 um or not
greater than about 75 um or even not greater than about 71
LLIT.

EXAMPLES

The concepts described herein will be turther described 1n
the following Examples, which do not limit the scope of the
invention described in the claims.

Example 1

A sample low Iriction liner S1 was formed according to
embodiments described herein. The sample low 1Iriction
liner had a core layer of polyimide material with a thickness
of 50 um. Both sides of the core layer were coated with
layers of FEP material. The layers of FEP material both had
a thickness of 5 um. Both outer sides of the FEP material
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were then coated with layers of PTFE material. The layers
of PTFE material both had a thickness of 5 um.

Two comparative sample low friction liners CS1 and CS2
were used for performance comparison. Comparative

sample CS1 had a fabric core and was coated with a layer of 5

cast PTFE. The total thickness of the comparative sample
CS1 was 150 um. Comparative sample CS2 had a fabric core
and was coated with a layer of modified PTFE. The total
thickness of the comparative sample CS2 was 150 um.

Sample S1 and comparative samples CS1 were tested to
determine their coellicient of frictions and wear rating using
a Tribometer Test measured under a 9 newton normal force
at 260 mmy/sec 1n contact with a quarter inch polyimide wear
sphere at a running temperature of 140° C. and lubricated
with 6,000 cs silicone o1l.

FIG. 3 includes a plot of the wear rotations vs. the
coellicient of friction for the sample S1 and comparative
samples CS1 and CS2. The results of the comparison tests
are shown 1n table 1 below.

TABLE 1

COF and Wear Life Comparison

Sample COF Wear Rating
S1 0.023 >250,000
CS1 0.034 9,700
CS1 0.040 29,500

Note that not all of the activities described above in the
general description or the examples are required, that a
portion of a specific activity may not be required, and that
one or more further activities may be performed 1n addition
to those described. Still further, the order in which activities
are listed 1s not necessarily the order in which they are
performed.

Benefits, other advantages, and solutions to problems
have been described above with regard to specific embodi-
ments. However, the benefits, advantages, solutions to prob-
lems, and any feature(s) that may cause any benefit, advan-
tage, or solution to occur or become more pronounced are
not to be construed as a critical, required, or essential feature
of any or all the claims.

The specification and 1llustrations of the embodiments
described herein are intended to provide a general under-
standing of the structure of the various embodiments. The
specification and 1llustrations are not intended to serve as an
exhaustive and comprehensive description of all of the
clements and features of apparatus and systems that use the
structures or methods described herein. Separate embodi-
ments may also be provided in combination 1 a single
embodiment, and conversely, various features that are, for
brevity, described in the context of a single embodiment,
may also be provided separately or 1n any subcombination.
Further, reference to values stated in ranges includes each
and every value within that range. Many other embodiments
may be apparent to skilled artisans only after reading this
specification. Other embodiments may be used and derived
from the disclosure, such that a structural substitution,
logical substitution, or another change may be made without
departing from the scope of the disclosure. Accordingly, the
disclosure 1s to be regarded as 1llustrative rather than restric-
tive.

What 1s claimed 1s:

1. A low Iriction bearing liner for a solenoid, wherein the
low friction bearing liner comprises:
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a core layer comprising a polyimide material;

a first outer layer overlying a first surface of the core layer,
wherein the first outer layer comprises a fluoropolymer
material, and wherein the first outer layer has a melt
flow rate of at least about 2 g/10 min at 372° C.;

a second outer layer overlying the first outer layer,
wherein the second outer layer comprises a tluoropo-
lymer material distinct from the fluoropolymer material
of the first outer layer and wherein the first outer layer
has a surface coeflicient of friction of not greater than
about 0.2;

a first inner layer overlying a second surface of the core
layer, wherein the second surtace 1s opposite of the first
surface, wherein the first inner layer comprises a tluo-
ropolymer material, and wherein the first inner layer
has a melt flow rate of at least about 2 g/10 min at 372°
C.; and

a second inner layer overlying the first mner layer,
wherein the second 1nner layer comprises a tluoropo-
lymer material distinct from the fluoropolymer material
of the first inner layer and wherein the first inner layer
has a surface coeflicient of friction of not greater than
about 0.2.

2. The low friction bearing liner of claim 1, wherein the
first outer layer comprises at least one of a fluorinated
cthylene propylene material, a pertfluoroalkoxy alkane mate-
rial, a modified PTFE matenial, or a combination thereof.

3. The low friction bearing liner of claim 1, wherein the
second outer layer comprises a polytetrafluoroethylene
material or a mixture ol a polytetratluoroethylene material
and a fluorinated ethylene propylene matenal, a pertluoro-
alkoxy alkane material, a modified PTFE matenal.

4. The low Iriction bearing liner of claim 1, wherein the
first mner layer comprises at least one of a fluorinated
cthylene propylene material, a perfluoroalkoxy alkane mate-
rial, a modified PTFE material, or a combination thereof.

5. The low friction bearing liner of claim 1, wherein the
second 1nner layer comprises a polytetratfluoroethylene
material or a mixture of a polytetrafluoroethylene material
and a fluorinated ethylene propylene material, a pertluoro-
alkoxy alkane material, a modified PTFE matenal.

6. The low Iriction bearing liner of claim 1, comprising a
wear rating of at least about 32,000, where the wear rating
1s equal to the number of rotations completed before failure
in a Tribometer Test and failure 1s defined as a 50% increase
in COF versus steady-state value during the Tribometer test.

7. The low Iriction bearing liner of claim 1, further
comprising a first outer layer thickness ratio FOL /CL . of at
least about 0.02 and not greater than about 0.4, where FOL -
1s equal to the thickness of the first outer layer and CL- 1s
equal to the thickness of the core layer.

8. The low 1Iriction bearing liner of claim 1, further
comprising a second outer layer thickness ratio SOL ,/CL
of at least about 0.02 and not greater than about 0.4, where
SOL - 1s equal to the thickness of the second outer layer and
CL - 1s equal to the thickness of the core layer.

9. The low {iriction bearing liner of claim 1, further
comprising a first inner layer thickness ratio FIL /CL - of at
least about 0.02 and not greater than about 0.4, where FIL -
1s equal to the thickness of the first inner layer and CL . 1s
equal to the thickness of the core layer, and a second 1nner
layer thickness ratio SIL./CL . of at least about 0.02 and not
greater than about 0.4, where SIL - 1s equal to the thickness
of the second inner layer and CL - 1s equal to the thickness
of the core layer.
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